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A Novel PVDF Thin-Film Photopyroelectric
Thermal-Wave Interferometry

ANDREAS MANDELIS and CHINHUA WANG

Photothermal and Optoelectronic Diagnostics Laboratories (PODL), Department
of Mechanical and Industrial Engineering, University of Toronto, Toronto, Ontario
M5S 3G8, Canada

(Received July 12, 1999)

A purely thermal-wave interferometric technique based on two-cavity photopyroelectric
(PPE) detection using a thin film polyvinylidene fluoride (PVDF) has been developed. The
interfering thermal waves within the PVDF thin film are generated by two intensity-modu-
lated laser beams which pass through a sample and a reference medium and are incident onto
the two active surfaces of the PVDF thin film from the opposite directions. The capabilities
of this interferometry are investigated with a general theory. Applications of this technique to
differential measurements of optical properties of solid laser crystals, thermal diffusivity of
air and the detection of trace hydrogen in nitrogen were carried out and were compared with
the conventional methods. The major feature of the technique is the efficient suppression of
the background PPE signal and, therefore, significant enhancement of the measurement sen-
sitivity, precision, and signal dynamic range.

Keywords: pyroelectric thin film; thermal-wave interferometry; thermal diffusivity; hydro-
gen sensor

1. INTRODUCTION

As one branch of the photothermal and photoacoustic family, the
single-beam photopyroelectric (PPE) technique is a well-established
photothermal method used for spectroscopic and thermal
characterization of various materials as well as for studies of
thermophysical properties of gases'”. The basic principle of the single-
beam PPE technique is that when a periodically modulated energy
source impinges on the surface of a sample, the sample will absorb
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some of the incident energy and will, in turn, produce a localized
temperature increase following a non-radiative de-excitation process.
This periodic temperature variation in the sample can be detected with
a pyroelectric transducer made of a thin-film pyroelectric material (e.g.
polyvinylidene fluoride, PVDF). If the sample does not contact the
transducer, the air gap formed in the medial region amounts to a
thermal-wave cavity. This cavity confines the thermal-wave oscillation
and has been shown to give rise to a standing-wave-equivalent
structure, the length of which can be tuned to resonant antinode and
node pattems’. Recently, such thermal-wave resonant cavities have
been used for high precision measurements of thermophysical
properties of the intracavity gases™®*'!.

In all the conventional embodiments of the PPE technique a
single excitation source is employed with the radiation impinging on
either the front- (PPE), or the rear-surface (Inverse PPE, IPPE) of a
PVDF transducer. The sensitivity and dynamic range, however, of the
PPE measurement scheme can be compromised in the study of solid
transparent materials, due to the substantial baseline signal from direct
transmission of the incident light onto the detector. Moreover, the
fluctuation of incident light also introduces a large optical noise to the
measurement in the single-beam measurement scheme.

In this work, we have developed a new purely-thermal-wave
interferometric technique. The unique characteristic of the purely-
thermal-wave interferometry is that the technique is based on the
spatial interference of thermal-waves within the body of the
pyroelectric transducer, independently of the sample. Unlike other
prior (“conventional”) photothermal interferometric schemes'*'*, the
new technique is not based on monitoring thermal waves resulting from
direct optical interference patterns, such as those generated by two
appropniately modulated laser beams (e.g. intensity, phase or
polarization modulation). In the present coherence scheme, thermal
waves interfere as they are induced by two intensity-modulated beams,
split-off a single laser source and with a fixed phase-shift relationship
between them. The usually large instrumental PPE baseline signal and
a significant portion of the noise can be efficiently suppressed within
the PVDF detector if the two laser beams are collinearly incident on
opposite surfaces of the thin pyroelectric film, and with 180° relative
phase shift. In this fashion, much higher signal sensitivity and dynamic
range PPE measurements than with the conventional single-beam PPE
configurations are expected and have been confirmed very recently in
this Laboratory'®. This paper presents a generalized theory of a purely
thermal-wave interferometry and several applications which have been

1,4,7,10
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implemented for different research aspects including measurement of
optical properties of solid laser crystals, measurement of thermal
diffusivity of air, and the design and development of a novel H; gas
$ensor.

2. A GENERALIZED THEORY OF PPE PURELY-THERMAL-
WAVE INTERFEROMETRY

The most general configuration diagram for purely-thermal-wave PPE
interferometry using a one-dimensional heat transfer model is shown in
Fig.1. Two laser beams of intensities I, and I, respectively, are split
off of a laser source and are modulated at the same angular frequency
(w). They have a fixed, adjustable phase shift (Ap), and are incident
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FIGURE 1 Schematic of a photopyroelectric interferometry for theoretical analysis.

onto the front- and rear-surfaces of a PVDF detector, passing through
optically transparent sample and reference media, which, along with
the PVDF sensor in the middle form the thermal-wave cavities g2 and
g3 as shown in Fig.1. The sample and the reference have bulk optical
absorption coefficient f,,f,, surface absorptance A ,4,, and surface

and bulk non-radiative energy conversion efficiency, 7°(1),75(1),
respectively. Light absorption by the sample-PVDF-reference system
and nonradiative energy conversion to heat increases the temperature of
the PVDF sensor, which results in a potential difference between the
two surfaces of the transducer due to the photopyroelectric effect. The
photopyroelectric signal from the PVDF detector is proportional to the
average ac temperature of the PVDF film detector’, and can be written:
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i+L+d
V()=S@) [T,(xoM . (1)

1+L

Here Sw) is the instrumental transfer-function, which is usually
normalized out by means of experimental procedures. T,(x,w) is the
local complex thermal-wave field in the PVDF, which must be
calculated from coupled one-dimensional heat diffusion equations
subject to appropriate boundary conditions across each interface (gl-S,
S-g2, g2-P, P-g3, g3-R, and R-g4) of Fig. 1. In the most general
theoretical treatment, gaseous media of different thermophysical
properties are assumed to exist in regions g1, g2, g3, and g4. Following
the same procedure as that in Ref.(17), the output photopyroelectric
signal (voltage mode) for the geometry of Fig.1 can be finally
expressed as follows:
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where o; =(1+/)Jof2a; is the complex thermal diffusion coefficient in
region i (i = gl, g2, g3, g4, S, P, R) with thermal diffusivity o;; and
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k; and R, are the thermal conductivity and the surface optical
reflectivity of medium i, respectively. Expressions for H;, Hz and Gs, G4
are given in Ref (17). From the structure of the PPE output voltage of
Eq. (2), it can be seen that the first term in the numerator represents the
contribution from the front beam, through the sample and the
intracavity gas layer g2. The second term originates from the rear
incident beam, through the reference layer and the intracavity gas layer
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g3. Therefore, the overall output signal is the result of the complex
(vectorial) superposition of two thermal wave fields within the PVDF
detector generated by two incident laser beams of equal fluences
modulated with a fixed phase shift Ap. Eq.(2) gives the most general
expression for thermal-wave interferometry. In practice, however, this
expression can be further simplified by using appropriate combinations
of the samples and incident beams.

3. APPLICATIONS OF THE PPE INTERFEROMETRIC
TECHNIQUE

A schematic of the PPE interferometry is shown in Fig. 2. At the heart
of this interferometer lie two thermal-wave cavities formed by sample-
pyroelectric and pyroelectric-reference compartments. The PVDF thin
film detector, 52-um-thick and 2-cm in diameter, was installed on an
aluminum-base bearing a hole. The PVDF element acts as a thermal-
wave signal transducer and as a wall for front and back thermal-wave
cavities. Both sample and reference are mounted on a 3-D angularly
and linearly adjustable micrometer stage of 10- umresolution in linear
motion and 0.1 degree in angular rotation. The relative intensities of the
front and back incident beams, which are split off of a He-Ne laser
(4 =632.8 nm, P~ 10mW), are adjusted by a linear intensity attenuator,
and the phase shift between the two beams is precisely controlled by a
mechanical chopper (EG&G Model 192), also fixed on a micrometer
stage. The experimental data are collected by a PC via a lock-in
amplifier (EG&G Model 5210). By using different configurations of
the samples and appropriate coatings on the PVDF surfaces, we can
differentially measure the optical properties of the solid sample, the
thermal properties of the constituents in the cavity and construct a
highly sensitive H; sensor.

Beam Intensity
Laser Splitter Chopper Attenuator
S P R
Mirror i
- -
Data
Recorder Lock-in Amplifier

FIGURE 2 Experimental setup for PPE thermal-wave interferometry. S: sample, P:
PVDF detector, R: reference
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3 nvolyti Measurement _of Bulk rf; i
Al ions in Ti: hir Is Using PPE Interferomet
In view of Eq.(2), the overall output PPE signal is affected by the
surface absorptances as well as by the bulk absorption coefficients of
the sample and the reference. By using appropriate combinations of
pairs of samples, in which only one parameter (surface absorptance,
bulk absorption or thickness) varies between a sample-reference pair,
one may precisely measure the variation of this parameter without
requiring accurate information about the values of other parameters.
Several pairs of Ti-sapphire crystals were used in the role of sample
and reference in our experiments. Fig. 3 shows the experimental results
of two samples with identical bulk but different surface quality. The
crystal with “good” surface polish (thickness / = 0.0771cm) was used
as the sample, and the crystal with “non-optimal” polish (thickness m =
0.0810cm) was used as the reference. The modulation frequency was f
= 26.5Hz. In the experiment, the reference was placed in the deep PPE
mode'” (very close to the PVDF detector). By fitting the experimental
data of the amplitude channel to the theoretical formula, Eq.(2), the
difference in surface absorptance between the sample and the reference
(Ad=4, - 4,) was found to be 0.0113+£0.0002. The cavity length, L,
between the PVDF film and the reference was 0.213 £ 0.002 mm, the
average of three measurements. The PPE signal phase was then
calculated using A A4 and L, obtained from the amplitude fit to ascertain
consistency and validity.
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FIGURE 3 Experimental and theoretical (fitted) results of (a) the amplitude and (b)
phase for a pair of Ti:sapphire crystals with identical bulk optical properties, but
different surface polish. Solid squares: experimental, solid lines: theoretical fits.
Insets: experimental and theoretical fit results for the same pair of samples, when the
reference was placed farther away from the PVDF sensor.
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To check the sensitivity and to validate the measurement, the
reference was subsequently moved farther away from the detector by
0.05 mm and the experiment was repeated.. The measurement curves
are shown in the insets of Figs. 3(a) and (b) for the amplitude and
the phase, respectively. The fitted values for A4 and L, at this position
were 0.0116+0.0005, and 0.267+0.003 mm, respectively. It can be
seen that both measurements gave very consistent values, the relative
error between the two measurements being only 2.7% for AA4. The
fitted value difference for the cavity length L; between the two
measurements is 0.054 mm, in excellent agreement with the actual
scanned distance of 0.05 mm.

In the foregoing fitting process, it was found that the dependence of
the fitted value A A on the initial value of the bulk absorption coefficient
(B, = B,)and the surface reflectivity (R,=R,) is trivial. This is an
important feature of the interferometric PPE technique which is
different from the conventional one'®. It implies that for the purpose of
measuring the difference of surface absorptances between two crystals
of the same (or nearly equal) thickness and bulk optical quality, it is not
necessary to know the exact value of the bulk absorption coefficient.

Fig.4 shows the experimental results of two samples with different
bulk optical properties (FOM), but identical surface preparation. One
Ti:Sapphire crystal (FOM = 800) of thickness / = 2.013 cm was used as
the sample. The other crystal (FOM = 40) of thickness m = 2.017 cm
was used as the reference. The modulation frequency was 10 Hz. In the
experiment, the reference was placed in the thermally uncoupled (omn*
mode. By fitting the experimental results to the theoretical Eq.(2), the
difference of the bulk absorption coefficient between the FOM = 40
and the FOM = 800 Ti:Sapphire crystals was found to be:
AB = p, - B,=0.054510.0006 cm’' the average of four measurements.

90 -65 s Expsrimental
I 20 - Theorstical fithng
s P
70 E 75
£ o0 l 80
= Experimental £
50 - Theoretical fithng -8%
© ® %0 A )
0.0 05 10 15 20 25 0o 05 10 15 20 25
Cavity length of Sample-PVDF (mm) Cavity length of Semple-PVDF (mm)

FIGURE 4 Experimental and theoretical (fitted) results of (a) the amplitude and (b)
phase for a pair of Ti:sapphire crystals with identical surface polishes, but different
bulk optical properties.
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The cavity length L, was found to be greater than 8 mm for all three
measurements. This best-fit result is consistent with the experimental
arrangement, in which the reference was actually placed in the OT
mode. Both amplitude and phase fits to the data are excellent, as shown
in Figs. 4 (a) and (b). Once again, it is shown that the measurement of
bulk AB does not depend strongly on the absolute values of surface

absorptance and reflectivity over wide ranges of A;and R,

3.2 Measurement of Thermal Diffusivity of Air Using PPE
Interferometry

In this section, we introduce an application of the PPE interferometric
technique in the measurement of thermal diffusivity of a gas. For
measuring thermal diffusivity of a gas, a simple experimental
configuration can be used, in which the reference is absent; only the
sample and two incident beams are employed. As a result, PPE output
is only a function of the cavity length L formed by sample-PVDF. By
scanning the cavity length L, we can fit the experimental data to a
simplified theoretical expression of Eq.(2) to obtain the thermal
diffusivity of the gas which fills the cavity. The experiment can be
performed either in the PPE destructive method (two-beam mode) or in
the single-beam method by blocking the rear incident beam. The
experimental setup is the same as that shown in Fig.2. In the
experiment, a transparent Ti-sapphire disk sample, 0.1295 cm thick was
used as a cavity wall and the whole system was exposed to open air.
The sample was first placed at a far distance from the PVDF compared
with the thermal diffusion length. The relative intensities between the
two beams were then adjusted, such that the output PPE signal was
zero. Finally the sample-PVDF distance was scanned and the output
signal was recorded vs. the cavity length ..

0700 —— - - ——

0705F ___ Theoretical ool ___ Theoretcsl
E 0015
g 0010}
i 00051
0 000
0 005 .
Cavity length L (mm) Cavtty length L (mm)

FIGURE 5 PPE experimental data and theoretical fits vs. thermal-wave cavily length
L at a modulation frequency f=26.6 Hz, using single-beam detection with a
transparent Ti:sapphire cavity wall.
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Fig.5 shows typical experimental results using the single-beam
method, in which the rear incident beam was blocked. The modulation
frequency, f, was 26.6 Hz. By fitting the experimental data of the lock-
in quadrature channel to the theoretical expression, the thermal

diffusivity of room temperature air was found to be 0.2110.02

cm? 57! the average of four measurements. As a comparison, Fig.6

shows experimental results using the destructive interferometric
configuration, in which the reference was absent and two laser beams
were operating in the PPE destructive mode. It can be seen that the data
quality and the SNR are clearly superior to the single-ended case.
Fitting the experimental data to theory yielded 0.219+0.003 cm’ s as
the thermal diffusivity of room-temperature air.
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FIGURE 6 PPE experimental and theoretical fits vs thermal-wave cavity length L at a
modulation frequency f=26.6Hz, using pure thermal-wave destructive interferometry.

3.3 Pd/PVDF Thin Film Hydrogen Sensor Based on PPE Interference

It has been shown that the PPE interferometric technique has a
potential application in gas detection due to the zero-background signal
under the destructive interference (differential) mode. In this section,
we introduce a novel hydrogen gas sensor based on thermal-wave
interference.

The basic experimental setup is the same as that shown in Fig. 2. For
the purpose of gas detection, we put the PVDF thin film into a test cell
and equipped the test cell with a gas supply unit which mixes hydrogen
and the background gas in a controlled and homogeneous flow. In the
case of hydrogen detection, a PVDF thin film coated with NiAl metals
on one surface and Pd metal on the other surface was used. A detailed
schematic representation of the test cell is shown in Fig.7. Two laser
beams (intensities I, and 1), were obtained from a single He-Ne laser
beam (15mW) by using a beam splitter. They were modulated with a
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mechanical chopper at the same angular frequency (w ) and with a
fixed, adjustable phase shift (Ap). One beam was incident onto the

TO LOCK-IN
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mg <
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GRID
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FIGURE 7 Cross-sectional detail of the test cell

front (Pd coating) and the other beam was directed to the rear (NiAl-
coated) surface of the PVDF detector from opposite directions. A fully
destructive interferometric pattern can be produced when the intensities
of the two beams are identical and the phase shift between them is
180°. This destructive operating mode of the PVDF detector yields a
sensitive coherent differential method to detect minute changes in the
PPE output signal, using a single transducer. It is well known that Pd
metal interacts reversibly with hydrogen gas to form a hydride.
Associated with these compositional changes are changes in the optical
properties, reflectance and absorptance, of the palladium®*?'.
Therefore, a minute change in the PPE output is caused by the change
in optical absorptivity of the Pd coating on one surface, while the
optical properties of NiAl coating on the other surface remain
unchanged before and after exposure to H; gas.

Figs.8 (a)-(b) show typical PPE responses as functions of time,
using an active element with 53 4-nm-thick Pd, under various hydrogen

200 —— 100% M,
s | s B 4% M, S; H,conceniration
2250 — 207% N, L T70ppm
------ 20w, g WTppm
§ 200 150 N, 107pom
§1so B
o
100 E 2
£l
(») or N, HpN, N, m
0 1000 2000 3000 4000 5000 800C 7000 0 500 1000 1500 2000 2500 3000
Time (sec) Time (sec)

FIGURE 8 PPE signal as a function of time for various concentrations of hydrogen in
nitrogen using a Pd-coated (53.4 nm) PVDF film. The gas flow rate was 870 ml/min

for all the experiments.



PVDF THIN-FILM THERMAL-WAVE INTERFEROMETRY

concentrations in N by volume. The modulation frequency was 10 Hz.
Fig.8(b) shows that the detection limit of the 53.4-nm Pd-coated PVDF
film is about 100 ppm. As a comparison, the experiments were also
conducted using the same sensor, but in the single-beam mode. Fig.9
shows the experimental results at 0.2% and 0.5% [H:]. The PPE signal
change due to the introduction of H; is aimost entirely embedded in the

2 274

278 2n
sam WMW* an
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2781 oanH N, N 270

gzu 2m
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-
2n 287
2n 288
270 285
280 LY 02%H, M N, N, 2684
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Time (sec)

FIGURE 9 PPE signal as a function of time using the single-bcam method. The gas
flow rate was 870ml/min for both measurements. The two signal traces have been
scparated out artificially for clarity.

system noise at 0.2% H; concentration. The detection limit of the
single-beam method is thus believed to be >0.2%, vyielding
approximately 20 times higher interferometric mode detectivity. The
foregoing single-beam detection limit is similar to that established
earlier with other single-beam optical and photopyroelectric
methods®*?.

The above experimental results demonstrate the much improved
detectivity and much enhanced signal dynamic range, due to the
complete suppression of the baseline signal and the system noise, when
compared with the single-beam (non-interference) method and other
optical methods. Unlike the traditional ratio measurements, in which
external electronic devices are used to ratio the signals from two
different detectors, this technique exploits the two active surfaces of a
single pyroelectric thin film to differentiate the coherent signal within
the pyroelectric thin film. This technique provides a completely new
methodology for differential measurements in gas sensor applications.
It is suitable not only for H; gas but for any other gases provided
appropriate active coatings are available.

4. CONCLUSION

A novel purely-thermal-wave interferometric technique has been
developed. A general theory is presented and several applications have
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been discussed. Successful applications of this technique have been
implemented in the evaluation of high quality laser crystals,
measurement of thermal properties of intracavity gases, and a novel H
gas sensor with much higher sensitivity, much lower baseline
(theoretically zero baseline), and much larger signal dynamic range
than corresponding conventional PPE or optical methods. This
methodology/technique has a great potential application in high-
resolution optical evaluation/imaging, thin-film studies and gas sensors.
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